[1] We developed a new method to determine earthquake source time functions and focal depths. It uses theoretical Green's function and a time-domain deconvolution with positivity constraint to estimate the source time function from the teleseismic P waveforms. The earthquake focal depth is also determined in the process by using the time separations of the direct P and depth phases. We applied this method to 606 earthquakes between 1990 and 2005 in Central Asia. The results show that the Centroid Moment Tensor solutions, which are routinely computed for earthquake larger than M5.0 globally using very long period body and surface waves, systematically overestimated the source depths and durations, especially for shallow events. Away from the subduction zone, most of the 606 earthquakes occurred within the top 20 km of crust. This shallow distribution of earthquakes suggests a high geotherm and a weak ductile lower crust in the region. Citation: Chu, R., L. Zhu, and D. V. Helmberger (2009), Determination of earthquake focal depths and source time functions in central Asia using teleseismic P waveforms,
Introduction
[2] Each seismogram is a convolution of instrument response, seismic wave propagation effect, earthquake radiation pattern, and earthquake source time function. Among them the instrument response is known and can be removed at the time of data preparation. The earthquake radiation pattern is calculated from its focal mechanism. The propagation effect is expressed in terms of the Green's functions, which are determined from Earth's velocity structure and the earthquake depth. The source time function is related to earthquake rupture processes. For small earthquakes, the source durations are very small and the source time functions are simple. A triangle or trapezoid function is often used to approximate the source time function. For events larger than $M6.0, the source time functions are much more complicated and need to be determined case by case.
[3] In order to separate the source time function and propagation effect, several deconvolution techniques have been developed. One direct method is the homomorphic deconvolution, which uses a linear operator to transform the convolution in the time domain to addition in the quefrency domain [Ulrych, 1971] . The source time function is the lowpass filtering result of the complex cepstrum. This technique has difficulty in phase unwrapping in the presence of additive noise [Jin and Rogers, 1983] . Another commonly used technique is the empirical Green's function method [e.g., Dreger, 1994] . It uses seismograms from aftershocks that have similar focal mechanisms and locations as the main-shock as the Green's functions. Deconvolution of the main-shock seismograms with the empirical Green's functions removes the effects of the path and site response. This technique requires that the corner frequency of aftershock be much higher than that of the main-shock. Usually, the magnitude of the aftershock should be two magnitudes smaller than the magnitude of the main-shock. One of the drawbacks is that the empirical Green's functions are easily affected by noise because the aftershock seismograms have much smaller amplitudes. Brudzinski and Chen [2000] used teleseismic P waveforms in similar azimuths as the effective source time function for modeling waveforms at regional distances. Because of the depth phases, their method only works for deep events, or the source time function will be contaminated by the depth phases.
[4] In this paper, we developed a new technique to estimate the source time function and to determine earthquake focal depth using teleseismic P waveforms. We used theoretical Green's functions to estimate source time function. Earthquake depth is also determined using the separations between the direct P and depth phases in the process. We applied the method to earthquakes in central Asia (Figure 1 ) and compared the results with those of the Centroid Moment Tensor (CMT) solutions. The tectonic implications of earthquake depth distribution in the region were also discussed.
Method
[5] We used teleseismic P waveforms (30°-90°) to determine earthquake source time function and depth. At this distance range, seismic rays travel mostly in the lower mantle and are free of the complexities caused by reflection or refraction in the upper mantle and near the core-mantle boundary. The P-wave seismograms consist of the direct P wave and the depth phases pP and sP. The differential travel times between P-pP and P-sP are controlled by the event depth and can be used to estimate the earthquake focal depth. We computed the theoretical Green's functions using the generalized ray method [Helmberger, 1983] . The global average Earth velocity model IASPEI91 [Kennett and Engdahl, 1991] was used, with its 30-km-thick crust replaced by a 45-km-thick crust to account for the thick crust in the region.
[6] Earthquake source time functions were obtained by deconvolving the vertical component of teleseismic P-wave waveforms with the impulse-response (source-free) synthetic seismograms. Both the data and synthetic seismograms were band-pass filtered between 0.02 Hz and 1 Hz. We used a time domain iterative deconvolution technique [Kikuchi and Kanamori, 1982] . Because source time functions are always positive, we added a positivity constraint to the deconvolution algorithm. For each event, we stacked all the source time functions obtained from stations in different directions to obtain the average source time function.
[7] In deconvolution, we used a time window centered at the direct P with its length about twice of the estimated duration of the source time function. For deep earthquakes, the separations between the direct P and depth phases are large enough so that the depth phases do not interfere with the source time function in the direct P wave. Figure 2a shows teleseismic vertical displacements from a Mb 5.9 earthquake in northern Sumatra, Indonesia, on 09/05, 2003. The CMT depth of the event is 125 km. The depth phase pP is at about 30 s after the direct P and the shape of the direct P wave is essentially a band-pass filtered version of the source time function. After deconvolving the direct P-wave waveforms with the corresponding source-free synthetic seismograms (red traces in Figure 2 ), we obtained the source time function with a duration of about 2 s. We then removed the source time function from the observed P waveforms by deconvolution. The source-free P waveforms (black traces in the middle column) show sharper direct P, pP, and sP phases than the original waveforms which allowed us to fine-tune the source depth to 120 km in order to match the separation between P and pP. In this case, error in the initial source depth used to compute the synthetic seismograms does not affect the source time function estimation since all depth phases are beyond the deconvolution time window.
[8] For shallow events, however, their depth phases are often close to or within the source duration. Figure 2b shows teleseismic vertical displacements from a Mb 5.6 earthquake near the India-Bangladesh border region on 07/26, 2003. The CMT depth is at 15 km. The first 5-s P waveforms are controlled by the direct P and the depth phases pP and sP. The theoretical Green's functions in the deconvolution window change with the source depth. In this case, we estimated the source time function and source depth iteratively, starting at its CMT depth and repeated the deconvolution procedure by adjusting the source depth until the source-free P waveforms match the source-free synthetic seismograms (Figure 2) . For this earthquake, we found that the source duration was about 3.0 s and a source depth of 12 km gave the best waveform fit.
Data and Results
[9] We applied the method to earthquakes with distances less than 30°from the center of the Tibetan Plateau (85°E, 33°N). This area covers most of Central Asia. Using the CMT catalog, we found 929 earthquakes between January 1990 and February 2005 with magnitudes larger than M5.0. We downloaded their teleseismic waveforms recorded by Global Seismographic Network (GSN) stations from the IRIS data management center. We removed instrument responses and filtered the waveform using a bandpass filter with corner frequencies of 0.02 Hz and 1.0 Hz.
[10] Our first step was to verify the CMT focal mechanisms by comparing the observed teleseismic P and S waveforms with synthetic seismograms predicted by the CMT solution. When computing synthetics, we simply used the CMT depth and a triangle or trapezoid as the source time function. If the synthetics match the observations in shape and polarity in general, we considered the solution to be correct. In total, we found 606 events with good focal mechanisms (Figure 1 ). Other events' CMT solutions predict wrong P or S waveform polarities at some teleseismic stations and were not used in the next step.
[11] We obtained source time functions and depths for all 606 earthquakes using the procedure described in the previous section. We required that each event had at least one identifiable depth phase and the source-free waveforms matched the predictions. Because a perturbation of 1 km in source depth will produce a 0.2 to 0.3 s change in the separation between the direct P and depth phases, which is easily noticeable in the waveform fits, we estimated the uncertainties of depths to be less than 1 km for most events. Figure 3 shows comparisons of event depths and source durations with those from the CMT catalog. It is clear that the re-determined event depths are generally shallower than the CMT depths, especially for shallow events. The differences between the two depths can be as large as 100 km. In the CMT catalog, earthquake depths are estimated by minimizing the waveform misfits between observed and synthetic body and surface waves at very long period (longer than 45 s for body waves, 135 s for surface waves) [Dziewonski et al., 1981; Ekström and Dziewonski, 1985] . Because long period waves are not sensitive to event depths, the CMT depths are not well constrained. In addition, the CMT depths are restricted to be larger than 10 km in order to minimize instabilities of the moment tensor inversion at very shallow depths [Arvidsson and Ekström, 1998 ]. We used the separations between the direct P and the depth phases at teleseismic distances to determine the event focal depths which are more reliable.
[12] We also compared our focal depths with those in the EHB Bulletin (Figure 3 ) which uses teleseismic depth phase arrival times to constrain earthquake depths [Engdahl et al., 1998; International Seismological Centre, 2009] . Our depths agree with the EHB depths much better than with the CMT depths, with a smaller scattering and no system- atical bias for events deeper than 20 km. We noted a few events that EHB located at much greater depths (>50 km) than our depths (<10 km). We checked their teleseismic waveforms and confirmed that they were indeed shallow, see Figure S1 of the auxiliary material.
1 The deeper EHB depths are likely to be caused by misidentification of depth phases in the seismic station reports.
[13] Based on the re-determined focal depths, more the two thirds of the 606 earthquakes occurred within the top 20 km of crust. This shallow distribution of earthquakes suggests a high geotherm and a weak ductile lower crust in the region [e.g., Chen and Molnar, 1983; Zhao and Helmberger, 1991] . All earthquakes deeper than 100 km are associated with the current subduction zones along the Burma-Indonesia arc and in the Pamir-Hindu Kush region. Outside the subduction zones, we only found two earthquakes at the intermediate depth range, one in southern Tibet (06/09/1996, Mb 5.2 and depth 84 km) and one in southern Iran (06/10/1998, Mb 5.4 and depth 82 km). Similar intermediate-depth earthquakes were found before beneath the Himalayas and southern Tibet Chen et al., 1981; Chen, 1988; Zhu and Helmberger, 1996] . The origin of these intermediate-depth earthquakes has been debated. Zhu and Helmberger [1996] and Chen and Yang [2004] suggested that they occurred in the mantle part of lithosphere as a result of increase in lithospheric strength from the ductile lower crust to brittle uppermost mantle due to compositional change. Others [e.g., Priestley et al., 2008] argued that they occurred at the base of Tibetan lower crust due to subduction of the Indian slab. The intermediate-depth earthquake in southern Iran is most likely related to the collision between the Arabian plate and Eurasia.
[14] The CMT catalog also provides source durations. The durations are not determined from the CMT inversion but estimated from the moment magnitude using empirical relationships [Helffrich, 1997] . Figure 3 shows that the actual source durations are smaller than those listed in the CMT catalog.
Conclusions
[15] In summary, we developed a new method to determine earthquake source time functions and focal depths. It uses theoretical Green's function and a time-domain deconvolution with positivity constraint to estimate the source time function from the teleseismic P waveforms. The earthquake focal depth is also determined in the process by using the time separations of the direct P and depth phases. We applied this method to 606 earthquakes in Central Asia. The results show that the CMT solutions, routinely obtained using very long period body and surface waves, systematically over-estimated the source depths and durations, especially for shallow events. Away from the subduction zone, most of the 606 earthquakes occurred within the top 20 km of crust. This shallow distribution of earthquakes suggests a high geotherm and a weak ductile lower crust in the region.
